To assess the effect of age on cardiac volumes and function in the absence of overt or occult coronary disease, we performed serial gated blood pool scans at rest and during progressive upright bicycle exercise to exhaustion in 61 participants in the Baltimore Longitudinal Study of Aging. The subjects ranged in age from 25 to 79 years and were free of cardiac disease according to their histories and results of physical, resting and stress electrocardiographic, and stress thallium scinti-. Dr. Rodeheffer was supported in part by the Henry J. Kaiser Family Foundation. lation of heart rate, myocardial contractility, and arterial vascular tone decreases with advancing age,17, 19-31 and it has been hypothesized that alterations in cardiovascular performance with age might at least in part be explained on this basis.2' However, measurements of left ventricular volume during stress have never been made and should, if the hypothesis is correct, vary with an age-related decrease in heart rate that results in an increase in end-diastolic volume (EDV) and stroke volume. Recent advances in radionuclide imaging have made it possible to both rigorously screen subjects for occult coronary artery disease, which increases in prevalence with advancing age,32-35 and to measure cardiac volumes at rest and during exercise. The purpose of our study was to measure cardiac output at rest and during exercise in healthy, active community-dwelling subjects and to determine Vol. 69, No. 2, February 1984 NO 2 1984 
graphic examinations. Absolute left ventricular volumes were obtained at each workload. There were no age-related changes in cardiac output, end-diastolic or end-systolic volumes, or ejection fraction at rest. During vigorous exercise (125 W), cardiac output was not related to age (cardiac output [1/mini = 16 .02 + 0.03 [age] ; r = .12, p = .46). However, there was an age-related increase in end-diastolic volume (end-diastolic volume [ml] = 86.30 + 1. 48 [age]; r = .47, p = .003) and stroke volume (stroke volume [ml] = 85.52 + 0.80 [age] ; r = .37, p = .02), and an age-related decrease in heart rate (heart rate [beats/min] = 184.66 -0.70 [age]; r = -.50, p = .002). The dependence of the agerelated increase in stroke volume on diastolic filling was emphasized by the fact that at this high workload end-systolic volume was higher (end-systolic volume [ml] = 3.09 + 0.65 [age]; r = .45, p -.003) and ejection fraction lower (ejection fraction = 88.48 -0. 18 [age]; r --.33, p = .04) with increasing age. These findings indicate that although aging does not limit cardiac output per se in healthy community-dwelling subjects, the hemodynamic profile accompanying exercise is altered by age and can be explained by an age-related diminution in the cardiovascular response to /3-adrenergic stimulation. Circulation 69, No. 2, 203-213, 1984. CARDIOVASCULAR PERFORMANCE has been measured during exercise in many studies and it has been observed that there is a decline with advancing age.' 1-3 While a substantial body of evidence obtained in isolated cardiac muscle tissues has indicated relatively little age-related change in intrinsic cardiac muscle function," 17, 1 the efficacy of /-adrenergic stimu-whether cardiac volumes during exercise differed with age in such a population. We studied a subset of subjects from the Baltimore Longitudinal Study on Aging (BLSA) who were found to have neither overt nor occult coronary artery disease. Cardiovascular performance during exercise was assessed by measuring left ventricular volumes with gated radionuclide angiography.36
Methods Selection of study population. All subjects are participants in the BLSA and undergo examination every 1 1/2 to 2 years. The social and demographic characteristics of this highly motivated study group have been described previously. 37 The participants in the study are all active members of the community and, although not athletes, maintain moderate levels of physical activity. An estimate of the average daily physical activity is made for each subject by subtracting the basal estimated daily caloric expediture from the total average daily caloric intake.38 All subjects have a complete cardiovascular evaluation during each visit, which routinely includes the recording of a history, physical examination with multiple blood pressure recordings, and recording of electrocardiograms obtained at rest and during treadmill exercise. In addition, stress thallium tests are obtained in individuals over the age of 40. BLSA subjects were asked to volunteer for the gated blood pool measurement of cardiovascular hemodynamics at rest and during exercise if they satisfied the following criteria: (1) No clinical evidence of cardiac disease.
(2) A normal resting electrocardiogram.
(3) A normal exercise treadmill test conducted according to a standard protocol39 with monitoring of multiple electrocardiographic leads (I, II, III, aVL, aVF, and V1-V6). In this screening test all subjects exercised to their maximal voluntary level of effort, reached at least 90% of the predicted mean age-specific heart rate, and did not have J point depression of 1 mm or more with horizontal or downward sloping of the ST segment for greater than 0.08 sec in any lead (Minnesota code 4:1).4°( 4) In individuals over 40 years of age a normal maximal exercise thallium test performed according to standard methods. 41 (5) An ejection fraction of greater than 0.50 at rest and no abnormal wall motion during exercise on the gated blood pool scan. Two participants, one 57 years old with an abnormally low ejection fraction of 41% at rest, and another 55 years old who exhibited wall motion abnormalities with exercise suggestive of ischemic disease,42 both of whom had met criteria 1 through 4, were excluded on this basis.
Gated cardiac blood pool scans. Gated blood pool scans were obtained in an approximately 40 degree left anterior oblique position (to best define the ventricular septum) with the subject upright and after blood pool equilibrium of red blood cells labeled with technetium-99m, 12 mCi/M2 body surface area (BSA).43 Images were acquired with a medium-sensitivity, parallel-hole collimator attached to a standard Anger camera interfaced with a commercial Nuclear Medicine computer system. Data were acquired on a magnetic disk (64 x 64 matrix, 1.9 x zoom). Acquisition was stopped when 275,000 counts had been collected in at least one of the 14 frames over the cardiac cycle. Scans were then obtained during continuous upright graded exercise on a bicycle ergometer starting at 25 W and increasing in increments of 25 W for each successive period. Each exercise period was 3 min in length, and images were acquired during the last 2'/2 min of each period. Brachial arterial 204 cuff pressure was measured at the midpoint of each exercise period, and an electrocardiogram was recorded each minute. All subjects exercised until exhaustion.
Left ventricular volumes were determined by a method recently reported in detail elsewhere. 44 In brief, end-diastolic count rate was obtained from a large manually drawn region of interest and corrected for background activity with the use of a region of interest drawn lateral and inferior to the left ventricle in the end-systolic frame. Attenuation correction was determined individually in each patient by the use of an opposed static view to measure the attenuation distance from a chest wall marker to the count center of the left ventricle and assuming a linear attenuation coefficient equal to that of water. The blood sample was counted with the same camera/collimator system used for the scintigraphic study and corrected for time delay between the scintigram and the counting of the blood sample.
Left ventricular EDV was obtained from the ratio of the attenuation-corrected end-diastolic count rate from the gated study to the count rate per millimeter from a sample of venous blood drawn at the completion of the study.
Because of concern that the activity concentration in the venous blood might change with exercise, cardiac volumes from a random group of 17 subjects were compared when venous reference samples were drawn both before and 10 min after exercise.4 Mean left ventricular volume calculated from a preexercise sample was 150.8 ml and that from a 10 min postexercise reference sample was 147.4 ml (p = NS, paired t test).
The timing of the reference sample determination, therefore, did not change the calculated left ventricular EDV. The EDV determined from the radionuclide image was used to calibrate the left ventricular time-activity curve, yielding left ventricular volume throughout the cardiac cycle. Resting EDVs and endsystolic volumes (ESVs) determined by this method correlate well with corresponding volumes obtained by contrast left ventriculography (EDV by radionuclide imaging = 0.97 angiographic + 3 ml, r = .95, SEE = 36 ml; ESV by radionuclide imaging = 1.01 angiographic + 1 ml, r = .95, SEE = 33 ml).43 Measurements of stroke volume and cardiac output by this method, as well as other related count-based methods, have been validated under resting36 and exercise461 47 conditions. The 61 subjects (47 men and 14 women) were relatively evenly distributed across the age range of 25 to 79 years, met the selection criteria, and had technically satisfactory exercise gated blood pool scans. In these subjects height, weight, and BSA, measured as (height 0 725) (weight0-425) (71.84/10000), were not age related (BSA [m2] = 1.88 + 0.0002 [age]; r = . 11, p = .94). The average daily caloric expenditure for physical activity exhibited the expected decrease with age38 (activity [calories/ kg] = 20.09-0.11 [age]; r = -.46, p = .001).
The relationship between age and the measured hemodynamic variables was determined by linear regression and nonlinear analyses when appropriate.48 In addition, multiple regression analysis of the effect of age and hemodynamic variables on cardiac output was also performed.48 The number of women studied was not sufficient to adequately compare the differences between men and women. However, in addition to analysis of the total sample, the data for men are analyzed separately. A p value < .05 was considered to indicate significance.
Results
Resting hemodynamics. Hemodynamic parameters describing the effect of age on cardiac volumes and function at rest are presented in table 1 and scatter plots for selected variables are illustrated in figure 1 . An age-related decline in cardiac output at rest was not observed (figure 1, A). There was a nonsignificant tendency for heart rate to decrease with increasing age (figure 1, B ). Resting blood pressure was observed to increase with age (figure 1, C). EDV, ESV, and ejection fraction were not age related (figure 1, D through F). Normalizing volumes and cardiac output for BSA did not alter the significance, or lack thereof, of the age effect (table 1) . Exercise hemodynamics. Progressing from rest to vigorous exercise at 100 W a pattern of age-related alterations in hemodynamics emerges that is reflected in the regression equations in table 2 and the scatter plots in figure 2 . Although cardiac output and systolic blood pressure were not related to age at these levels of exercise (figure 2, A and C), heart rate was significantly decreased (figure 2, B), and EDV and ESV were significantly increased with advancing age (figure 2, D and E). Stroke volume increased with age (table 2). The impact of age on EDV, ESV, and heart rate increased progressively with increasing workloads. This is depicted graphically in figure 3 in which the slopes of the age regression equations are plotted as a continuum from rest through the 100 W workload. Note that over this range of workloads, the effect of age on cardiac output did not change with increasing workload. Although six subjects did not achieve a workload of 100 W, their ages were equally distributed across the age range of the entire study group (see figure 5 ). When the data in tables 1 and 2 was reanalyzed eliminating data from these individuals the significance or lack thereof of the age effect on any variable was not altered. At more vigorous exercise, i.e., 125 table 2 and figure 2 was observed. In addition, at this workload, the ejection fraction, which showed a tendency to decrease with age at 100 W, was significantly decreased.
The age-related shift in mechanisms used to achieve the same cardiac output was also observed when the subjects were divided a priori into three age groups (figure 4). With advancing age a given increase in cardiac output was achieved with a lower heart rate (figure 4, A), a higher EDV ( figure 4, B) , and a higher stroke volume (figure 4, C). The findings in tables 2 and 3 and figures 2 through 4 indicate a greater reliance on the Frank-Starling mechanism to maintain cardiac output in older subjects.
The hemodynamic parameter values at exhaustion and the maximum workload each individual achieved at exhaustion are depicted in figures 5 through 7. Although there was a significant effect of age, the decline with increasing age in this population was substantially less than that observed in previous studies.7 It is noteworthy that the significant effect of age on systolic blood pressure observed at rest was not present when the data obtained at the maximum workload were analyzed (tables 1 and 4). Age-related alterations in values for hemodynamic variables that were observed at the common submaximal workloads (tables 2 and 3) were figure 7 that, although ejection fraction at exhaustion decreased with age, a decrease in ejection fraction from the resting level in subjects of advanced age49 was rarely observed. .27, p = .06). A multivariate analysis of age and several hemodynamic parameter values against cardiac output was performed on the entire population and in the groups in the lower-, middle-, and upper-third age ranges. For the group as a whole, age did not have a significant figure. For each parameter, an increase or decrease in the slope coefficient with increasing workloads indicates a respective increasing or decreasing age effect. effect on cardiac output, but it did have an effect on ejection fraction, EDV, and rate-pressure product (p < .01). As anticipated, the heart rate coefficient was significant in the lower age range (p < .01), but not in the oldest age group.
Discussion
Our findings demonstrate that while there is no significant age-associated decline in cardiac output at rest or during exercise in healthy adults between the ages of 25 and 79 years, the hemodynamic mechanisms by which cardiac output is augmented during exercise change with age. The age-related decrease observed in maximum heart rate during exercise has been previously described in other cross-sectional studies of the effect of age on cardiac performance and is observed even in athletes who participate in endurance events and who have maintained training.50 However, in prior studies in which cardiac output was measured during exercise, the calculated stroke volume in elderly sub-jects decreased or remained unchanged,4' 7 whereas in our subjects there was an age-related increase in this parameter that was sufficient to prevent the significant decline in cardiac output that otherwise would have been expected because of the decline in heart rate alone. It is not known whether or to what extent maximum oxygen consumption decreased in this population, in which the decline in maximum workload was less than that found in some studies.7 Maximum oxygen consumption is determined with the maximum cardiac output and maximum arteriovenous oxygen difference, both of which can increase at least threefold from rest to maximum exercise. However, the fact that maximum cardiac output does not decline with age does not preclude a diminution in maximum oxygen consumption since it has been observed previously that the maximum arteriovenous oxygen difference with exercise decreases with age (see Gerstenblith et al. I for review). This could result from an inability of elderly subjects to shunt blood from the viscera and other organs to working muscles during exercise or from a diminished maximum extraction of oxygen from blood flow to exercising muscles. The latter is supported by the observation that leg muscle oxygen consumption does not increase in parallel with blood flow during exercise in elderly subjects.5' FIGURE 4. Relationship between heart rate (A), EDV (B), and stroke volume (C), vs cardiac output across the range of workloads given in figure 2 . The subjects whose data were presented in figures 1 through 3 are divided a priori into the three following age groups: 25 to 44 years old (n = 22), 45 to 64 years old (n = 23), and 65 to 79 years old (n- 16) . The symbols within each curve correspond to the workload depicted for them in figure 2 . In the older age group the same higher cardiac output during exercise is attained with a lower heart rate, higher EDV, and higher stroke volume. The effect of age was significant, by analysis of covariance, for heart rate (p -.001), EDV (p = .04), and for stroke volume (p = .002). The number of subjects able to complete the exercises period decreased with increasing workload; at a workload of 125 W n = 16 in group 1, n = 15in group 2, and n = 1 1 in group 3. When the data were analyzed including only those who were able to achieve 125 W a similar pattern was observed in all three parameters and the significance of the age effect was unchanged.
Vol. 69, It is unlikely that the reasons for the unique findings in this study are due to the methods used to determine cardiac volumes or the type of exercise performed. The use of gated blood pool scans to determine cardiac volumes during rest36 and exercise46 47 has been examined and results obtained with this method correlate highly with angiographically obtained data. In addition, the cardiac outputs and stroke volumes measured in young subjects and the variation around the mean for these measurements in this study are nearly identical with measurements obtained by the Fick method in other studies. 4 5 In addition, a similar age-related increase in end-diastolic size with exercise was observed in a prior study in which a subset of the BLSA population participated and two-dimensional echocardiography was used to measure cardiac areas. 52 Thus, it is difficult to implicate methodologic artifacts of the gated blood pool scan to account for the uniqueness of our results. While we did not measure maximum oxygen consumption, it is unlikely that the type or intensity of exercise used is responsible for the ability of the older subjects to increase cardiac output to the same extent as did younger ones. Two previous studies57 in the literature in which the effects of age on cardiac output during exercise have been measured used a similar upright bicycle protocol and the level of exercise achieved in the young group in terms of heart rate, blood pressure, cardiac output, and derived stroke volume was similar to that found in our study (table 4; figure 6 ).
The uniqueness of our results is likely at least in part due to the rigorous criteria used to select the subjects. A major difference between this and other studies is the means used to exclude subjects with coronary disease. The prevalence of coronary artery disease increases markedly with age to at least 50% in men by the end of the sixth decade32-34 and is occult in at least 50% of these.53 5 Significant ST segment shifts,5' a decline in ejection fraction, and the appearance of wall motion abnormalities accompanying exercise in older age groups46' 49 suggest that occult coronary disease may in part have accounted for the age-related decline in cardiac performance that has been previously observed.'
The fact that the subjects exhibited an age-related decline in calories burned by activity that was similar in magnitude to that observed in an unscreened popula-tion38 strongly suggests that the older subjects did not represent a select subset of the general population who were in superior physical condition. However, it is possible that the population differs in some lifestyle variables that are not presently definable.
Vol. 69, No. 2, February 1984 While the increase in cardiac output with increasing workloads was not related to age in our study population, in younger subjects there was a greater reliance on increased heart rate and reduction in ESV to enhance cardiac output and with increasing age there was a greater reliance on the Frank-Starling mechanism, which is manifested by an increase in EDV and stroke volume (tables 1 through 3 and figures 2 and 3). During exercise the greater increase in EDV in elderly subjects (figures 2 and 3) likely accounts for the higher stroke volume at identical workloads in these subjects since ESV does not decrease but rather increases as a function of age (figures 2 and 3). Greater EDV in the elderly subjects during exercise, which may be related in part to the decreased heart rate and increased filling time, would account for the unexplained previous observation that elderly subjects in whom pulmonary wedge pressure increased to the greatest extent during exercise had the largest increments in stroke volume. 3 The higher EDV in the older subjects in our study indicates that a diminution in the diastolic filling rate observed previously at rest and attributed to alterations in both active and passive viscoelastic properties of the left ventricle14 15 555 does not limit filling volume during exercise.
The diminished decrease in ESV and the smaller increase in ejection fraction during exercise in older subjects suggest that some factors in the elderly act to compromise the ejection of blood. Greater myocardial wall stress during ejection, i.e., the cardiac component of afterload, in the elderly is one factor that could explain these results.5"-%0 The larger heart itself, due to greater EDV and ESV, would result in increased wall stress throughout the cardiac cycle in elderly subjects. However, this would be lessened to some extent by the ventricular hypertrophy with age that occurs in the BLSA population and other normal older individuals. 14 61 An increase in the vascular component of afterload during exercise in elderly subjects is another factor that could explain the age-related increase in ESV. Systemic vascular resistance at rest and during exercise was not shown to be related to age in the present study, and during exercise systolic blood pressure did not increase more in the elderly than in the younger subjects (tables 1 through 3, figures 2 and 3). However, increased aortic input impedance is not necessarily apparent in measurements of blood pressure or systemic vascular resistance, and has been shown to increase during exercise in senescent but not in young adult beagles. '6 An age-related diminution in myocardial function during exercise could also explain the present results. Intrinsic myocardial contractile reserve, i.e., the absence of adrenergic modulation, is difficult to assess in man. In animal preparations in which intrinsic contractile reserve can be more definitively measured, maximum force production in the absence of adrenergic stimulation is not altered with aging.'8 Similarly, the "Starling curve'" or relationship of contractile force to muscle length is not altered over this age range. 'I However, there is substantial evidence to support the hypothesis that the effectiveness of 3-adrenergic modulation of myocardial contractility, heart rate, and vascular tone declines with advancing adult age. I8-31 62 Taken together the results of these studies present a cogent argument that the response of target organs in the cardiovascular system to catecholamine stimulation is diminished with age and this mechanism alone is sufficient to explain all of the age-related changes in the hemodynamic response to exercise observed in our study.
In summary, it has been generally accepted as a "fact" of gerontology that a diminution in resting and exercise cardiac output is a manifestation of the adult aging process. Although the results of a longitudinal study may require that we modify our position, we conclude on the basis of the present study that aging per se does not limit cardiac output either in subjects at rest or during vigorous exercise. However, aging does 212 alter the mechanism by which cardiac output is maintained during exercise: With advancing age there is a shift from a catecholamine-mediated increase in heart rate and reduction in ESV to a greater reliance on the Frank-Starling mechanism. ation of vascular smooth muscle in the rabbit and rat. Circ Res 38: 243, 1976 
